Abstract: Quantum mechanical electronic structure methods are employed to investigate the isomeric and conformeric stuctures of methyl iodoperoxide. Optimized geometries and harmonic vibrational frequencies are calculated at the MP2 level of theory using two types of basis sets, the 6-311G(d,p) for all atoms and the 6-311G(d,p) combined with the LANL2DZ relativistic ECP procedure for iodine. Refinement of the energetics has been accomplished by performing single-point CCSD(T) calculations. Five isomers were determined in total among which iodomethyl hydroperoxide (ICH 2 OOH) is found to be the lowest energy structure. Conformational barriers and transition states that connect the isomeric forms have been characterized.
Introduction
Iodine polyoxides (1) have been implicated in the atmospheric chemistry of iodine (2, 3) in the reactivity of iodineozone mixtures (4) , in the reactions between iodinecontaining compounds in the marine boundary layer (5, 6) , and in the mechanism of oxygen-iodine lasers (7) . Methyl iodoperoxide is an interesting relevant species suggested to be involved in the mechanism of the self-reaction of CH 3 O 2 radicals formed in the photolysis of iodomethane (8) and the reactions of CH 3 O radicals with iodine monoxide (9) . It is the methyl analog of hydrogen iodoperoxide (HOOI) recently investigated theoretically (10) and similarly involved in the mechanism of HO + IO reaction (11) . Other related systems include the isomeric forms of methyl hypoiodide (CH 3 OI, CH 3 IO, and ICH 2 OH), extensively studied in the work of Misra et al. (12) where the novel species CH 2 IOH has been computed at the MP2 level of theory that has no counterpart in the chemistry of lighter halomethanes.
In the current work we present the computational investigation of the isomeric structures of CH 3 OOI species and the isomerization and conformational barriers. Five isomers, four interisomerization transition state configurations, and two conformational barriers were determined in total. Among the isomeric minimum energy structures, another novel species, the CH 2 IOOH isomer, was found, which like the CH 2 IOH species mentioned above, presents no analogs in the chemistry of lighter halo-methylperoxides (13, 14) .
Methodology
The computations have been carried out using the Gaussian 98 A.9 series of programs (15) . The main part of our work has been to select a suitable methodology and the appropriate basis sets to handle iodine-containing compounds. Two series of optimizations were performed at the MP2 level of theory. In the first series, the 6-311G(d,p) basis set, denoted hereafter as basis set A, was employed for all atoms involved in the system including iodine. In the second series of optimizations, all atoms except iodine were handled in the same way, i.e., with the 6-311G(d,p) basis set, but the iodine atom was treated differently using the relativistic effective-core-potential (ECP) LANL2DZ procedure of Wadt and Hay (16) , which includes first-order relativistic effects. The LANL2DZ basis set was augmented with d and f polarization functions (exponents 0.292 and 0.441, respectively) and it is denoted hereafter as basis set B. The necessity of including extra polarization functions for the proper quantum description of I has been recognized on several occasions (10, (17) (18) (19) . To refine the energetics, a final series of calculations were performed using coupled cluster techniques. Thus, the relative stability order among the various isomers was established by CCSD(T)/B computations carried out at the basis set B optimized geometries. All infor-mation about the basis sets was obtained from the Extensible computational chemistry environment basis set database, version 1.0 (20) .
Full optimizations and harmonic vibrational frequency calculations were performed using both basis sets to identify the computed stationary points as energy minima or transition states. The transition states were characterized by one imaginary frequency and they were further confirmed as first-order saddle points by intrinsic reaction coordinate (IRC) calculations where they have shown to connect the appropriate isomeric species.
Geometry and frequency results
The structural results at both optimization levels are listed in Tables 1 and 2. Table 1 contains the optimized geometrical parameters of the minimum energy structures and the conformeric forms of CH 3 OOI, while Table 2 lists the geometries of the isomerization barriers determined. Figure 1 displays the basis set B optimized structures for all species examined and Table 3 lists the harmonic frequency results from both optimization procedures. Table 4 lists the calculated electronic energies including the zero-point-energy (ZPE) corrections and the energy differences with respect to CH 3 OOI, as well as the explicit ZPE values at the MP2/B level. Finally, Fig. 2 contains an energy profile of all species involved with respect to the most stable adduct, iodomethyl hydroperoxide (ICH 2 OOH), based on the CCSD(T)/B single-point energy calculations.
The geometries obtained by both optimization procedures are, in general, fairly consistent with each other. However, the basis B results do exhibit significant overall tightening of the optimized structures wherever iodine bonding is involved, a tendency that reflects the considerable improve- 3 O + IO reaction and presents similar characteristics with the HOIO isomer. For example, the bond distances CO-I and OI-O at the MP2/B level were found to be 1.948 and 1.777 Å, respectively, in good agreement with the corresponding distances 1.989 and 1.812 Å in HOIO (10), but significantly shorter than the corresponding MP2/A values (2.038 and 1.831 Å). However, both basis sets' results show the interesting shrinkage that the iodine-terminal oxygen bond distance suffers compared to iodine-bridged oxygen bond length, as in all-bridged, halogen-terminal oxygen bonds, because of the partial double bond character that these bonds exhibit (21) . The third isomer CH 3 IO 2 with a C s symmetry, presents the I-O multiple bond characteristics more enhanced because of the double pair of electrons that are shared with the terminal oxygen atoms. Thus, it presents the shortest I-O bond distance (1.807 Å with basis set A and 1.749 Å with basis set B) following the same trend as all X-O distances in the analogous YXO 2 , X = Cl, Br structures (13, 14) . The nature of the hypervalent halogen-terminal oxygen multiple bonding has been analyzed in great detail by Lee et al. (21) and it has found to present important consequences not only in the bond distances, but in the relative stability of the isomers as well, as we shall see in the next section.
The final isomeric structures examined are ICH 2 OOH and CH 2 IOOH, which contain the iodomethyl group and may be considered as possible intermediates in the reaction of the iodomethyl radical (ICH 2 ) with the hydroperoxy radical (HO 2 ). Iodomethyl hydroperoxide (ICH 2 OOH) is found to be a very stable species, the most stable structure among all isomers of the CH 3 OOI family. The compound presents interesting similarities with the ClCH 2 OOH species (22) , found to be one of the products in the experimental investigation of the ClCH 2 O 2 + HO 2 reaction (23). The equilibrium geometries using both basis sets are consistent and show the same structural and stability features observed in the ClCH 2 OOH, CH 3 OOCl system, namely the decrease in C-O bond distance and the lower energy of the halomethyl isomer, indicating a stronger interaction of the halogenated methylic group with the -OOH part, compared to the interaction of the plain methylic group with the -OOX fragment. Indeed, we have for example, C-O = 1.418 Å in CH 3 OOI and C-O = 1.384 Å in ICH 2 OOH (basis set B). The effect results in a very high stability for ICH 2 OOH as we shall see in the next section.
The novel species CH 2 IOOH presents the same type of C-I bonding as the CH 2 IOH compound calculated by Misra et al. (12) at the MP2(full)/6-31G(d) level. In the present work, CH 2 IOOH has been also optimized at the MP2 level using both types of basis sets. Both structures result from the hypervalent bonding of iodine with the carbon atom and present significantly shorter C-I bond distances compared to the C-I single bonds in the iodomethyl C-O type derivatives. Thus, the C-I bond distances in CH 2 IOOH and ICH 2 OOH were found to be 1.958 and 1.929 Å, and 2.201, and 2.162 Å, with basis sets A and B, respectively. The results are consistent with the CH 2 IOH and ICH 2 OH cases (12) where the values 1.959 and 2.225 Å have been determined, respectively, at the MP2/6-31G(d) level. The partially double C-I bond is also demonstrated by the slight biradical character that the molecule appears to possess as reflected in the instability of the spin-restricted (RHF) wavefunction compared to the spin-unrestricted (UHF) one (12) .
Isomerization and conformation barriers
Four transition state configurations have been determined for the following isomerization processes: CH 3 OOI <-> CH 3 OIO (TS1), CH 3 OIO <-> CH 3 IO 2 (TS2), CH 3 IO 2 <-> CH 2 IOOH (TS3), and ICH 2 OOH <-> CH 2 IOOH (TS4). The geometries calculated with basis set B are included in Fig. 1 and they are characterized by one imaginary frequency (Table 3) as first-order saddle-points. All transition state structures exhibit triangular geometries, and TS1 is characterized by the I atom migration to the carbon-bonded oxygen atom, while TS2, TS3, and TS4 result from the the I atom migration to the carbon atom and insertion between the oxygen atom and the carbon atom.
The cis and trans conformeric structures of CH 3 OOI with respect to C, O, O, and I atoms are also depicted in Fig. 1 . They are well-characterized as conformational barriers by the imaginary frequencies, 249i, 235i and 19i, 40i, respectively, with bases A and B and present the same variations in O-O bond distance and O-O-I bond angle with the torsional angle as the CH 3 OOBr, CH 3 OOCl conformational barriers (13, 14) . Thus, the O-O bond varies from its largest value, 1.475 Å, 1.480 Å in the conformers to its shortest, 1.416 Å, 1.438 Å in the minimum, while the C-O-O bond angle decreases from a maximum value (116.2°, 115.9°) in the cis conformer to a minimum value (102.0°, 101.9°) in the trans, through an intermediate value in the minimum energy structure (107.2°, 106.4°) in the two basis sets, respectively. The same type of variation is followed by the I-O-O bond angle. Table 4 summarizes the electronic (including zero point energy corrections) and the relative energies at the MP2 level combined with both basis sets and also the CCSD(T)/B//MP2/B single point energy calculations, while Fig. 2 presents a relative energy profile based on the CCSD(T) procedure. All three series of energy calculations predict the iodomethyl hydroperoxide (ICH 2 OOH) to be by far the most stable isomer. However, inspection of Table 2 also demonstrates significant discrepancies in the relative stability order among the various isomers, despite the general overall consistency in the structural results. The most striking difference is observed in the relative stability order between the CH 3 OOI and the CH 3 with basis set B, and 18.5 kcal mol -1 at the CCSD(T)/B level in agreement with the corresponding XClO 2 , XBrO 2 species, whose stability has been found to depend strongly on the electronegativity of the X partner (13, 14, 21, (24) (25) (26) . The results are consistent with the relative stability order of the HIO 2 isomer, which is also the most unstable in the HOOI family, calculated to be 26.5 kcal mol -1 higher compared to the peroxide isomer HOOI.
Electronic energy and relative stability results
The two iodomethyl isomers, ICH 2 OOH and CH 2 IOOH, are found to be the most stable and unstable isomers, respectively. In particular, CH 2 IOOH is found to be unstable compared to CH 3 OOI by more than 40 kcal mol -1 in all three levels of energy calculations. Similar energy order is found also in the CH 3 OI family where CH 2 IOH is calculated to be 42 kcal mol -1 higher than CH 3 OI. The calculated isomerization barriers TS1-TS4 are very high located to allow any interconversion process in all series of energy calculations without notable differences in the results. No differences are observed for the cis and trans energy barriers, which range from 11.8 to 2.2 kcal mol -1 , respectively, at the CCSD(T)/B level.
Summary
Five isomeric forms have been optimized for methyl iodoperoxide at the MP2 level of theory using two basis sets, the 6-311G(d,p) for all atoms and the 6-311G(d,p) for all atoms combined with the LANL2DZ method for I augmented with additional d and f polarization functions. Consistent overall structural and harmonic frequency results are obtained by both methods, but the relativistic corrections and the additional polarization produces tighter O-I and C-I bond lengths.
The refinement of the energetics has been accomplished carrying out CCSD(T) calculations at the MP2/6-311G(d,p) + LANL2DZdf optimized geometries. The more stable isomer is found to be the iodomethyl hydroperoxide. Among the three CH 3 -isomeric forms, competing stability is found for the CH 3 OOI and CH 3 OIO structures. The CH 3 IO 2 adduct is the highest in energy among the three. The most unstable structure is found to be the novel species CH 2 IOOH containing hypervalent iodine-carbon bonding that presents no analog in the corresponding families of the lighter halogens.
The interisomerization transition states are very high located to present any probability for such processes to take place and they thus, reflect the stability of each isomeric form with respect to the others. Finally, the cis and trans torsional barriers are also calculated and they are found to be consistent in all three methods of energy calculations.
